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ABSTRACT 

A magnetic method t o  measure t h e  average  tempera ture  of  superparamagnetic 
n i c k e l  c r y s t a l l i t e s  has been a p p l i e d  dur ing  CO methanation. The method t a k e s  
advantage of t h e  tempera ture  dependence of t h e  low f i e l d  magnet iza t ion  of  such 
c a t a l y s t s :  however, t h e  a d s o r p t i o n  of carbon monoxide and t h e  formation of s u r f a c e  
carbon s p e c i e s  compl ica te  t h e  i n t e r p r e t a t i o n  of  r e s u l t s .  C a l i b r a t i o n s  t o  account 
f o r  temperature change and t h e  a d s o r p t i o n  of r e a c t a n t s  are descr ibed .  The 
c a l i b r a t i o n  f o r  t h e  e f f e c t s  of CO is based on t h e  assumption t h a t  t h e  i n t e r a c t i o n  of 
CO w i t h  n i c k e l  is t h e  same f o r  methanation and d i s p r o p o r t i o n a t i o n .  
t r a n s f e r  c a l c u l a t i o n s  based on t h e  thermometric d a t a  compare favorably  w i t h  prev ious  
results from ethane  hydrogenolys is ,  and g i v e  n o  i n d i c a t i o n  of microscopic 
temperature d i f f e r e n c e s  between t h e  n i c k e l  c r y s t a l l i t e s  and suppor t .  

I n t e r p h a s e  hea t  

INTRODUCTION 

The temperature of t h e  a c t i v e  sites is of  fundamental importance for t h e  proper 
T h i s  in format ion  is n o t  c u r r e n t l y  o b t a i n a b l e ;  i n t e r p r e t a t i o n  of c a t a l y t i c  k i n e t i c s .  

however, ‘a magnetic method t o  de termine  t h e  bed average  n i c k e l  c r y s t a l l i t e  
temperature dur ing  e t h a n e  hydrogenolys is  has been developed i n  t h i s  l a b o r a t o r y  
( 1  , 2 ) .  T h i s  paper p r e s e n t s  some e a r l y  r e s u l t s  of a n  effort  t o  extend t h i s  magnetic 
c r y s t a l l i t e  thermometry t o  carbon monoxide methanation over n i c k e l  c a t a l y s t s .  This  
system is  being s t u d i e d  because of its h i s t o r y ,  p r a c t i c a l  importance,  more 
complicated magnetochemistry and h igher  h e a t  of r e a c t i o n .  

The b a s i s  of n i c k e l  c r y s t a l l i t e  thermometry is t h e  tempera ture  dependence of 
t h e  i n t r i n s i c  magnet iza t ion ,  o r  magnetic moment per volume, of  n i c k e l  c r y s t a l l i t e s  
i n  superparamagnetic samples ( 1 , 2 , 3 ) .  T h i s  c a n  be determined from low f i e l d  
magnetization da ta .  
hydrogenolysis,  e t h a n e  is in t roduced  i n t o  a s t ream of hydrogen and helium which is 
flowing through a short c a t a l y s t  bed. This  i n i t i a t e s  t h e  exothermic e t h a n e  
hydrogenolysis r e a c t i o n .  
n i c k e l  c r y s t a l l i t e  tempera ture  i n c r e a s e s .  
and average c r y s t a l l i t e  tempera ture ,  determined by c a l i b r a t i o n ,  is then  appl ied .  I n  
a d d i t i o n ,  any change i n  moment due t o  changes i n  s u r f a c e  coverage must be accounted 
for (1 .2) .  One of t h e  p r i n c i p l e  reasons  t h a t  e thane  hydrogenolys is  over  n i c k e l  was 
the  system chosen t o  demonst ra te  t h e  magnetic thermometry is t h a t  e t h a n e  does  not  
a f f e c t  the  magnetic moment of n i c k e l  c r y s t a l l i t e s  when hydrogen is p r e s e n t  (4,5). 
However, t h e  i n t r o d u c t i o n  of e t h a n e  reduces  t h e  hydrogen p a r t i a l  p r e s s u r e  s l i g h t l y ,  
which does a f f e c t  moment. 
is accounted f o r  as expla ined  elsewhere ( 2 ) .  

d a t e  is the  absence of microscopic  n i c k e l  c r y s t a l l i t e  t o  suppor t  g r a d i e n t s .  
c o n t r a s t ,  Matyi, et.  al. (6) p r e s e n t  ev idence  f o r  microscopic  c a t a l y t i c  c r y s t a l l i t e  
to Support t empera ture  d i f f e r e n c e s  f o r  CO hydrogenation over i ron .  The h i g h e r  hea t  
of r e a c t i o n  for CO hydrogenat ion  c e r t a i n l y  makes t h e s e  g r a d i e n t s  more l i k e l y  than  
dur ing  e thane  hydrogenolysis.  
i n t e r f e r e  w i t h  t h e  i n t e r p r e t a t i o n  of k i n e t i c  in format ion:  t h e r e f o r e ,  i t  is of 
i n t e r e s t  to  pursue c a t a l y t i c  c r y s t a l l i t e  thermometry d u r i n g  methanation. I f  they 
a r e  found t o  e x i s t ,  then  much of t h e  experimental  in format ion  on CO hydrogenation 
W i l l  have t o  be reviewed. 

I n  order t o  perform t h e  magnetic thermometry dur ing  e thane  

The sample moment d e c r e a s e s  r a p i d l y  a s  t h e  bed average  
The r e l a t i o n s h i p  between sample moment 

The moment change due t o  hydrogen p a r t i a l  p r e s s u r e  change 

A P r i n c i p l e  conclus ion  of t h e  r e s e a r c h  on e thane  hydrogenolys is  performed t o  
I n  

The presence of any microscopic g r a d i e n t s  would 
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In contrast to the simple magnetochemistry found for the ethane hydrogenolysis 
system, thermometry during methanation is complicated by the fact that carbon 
monoxide affects the sample moment (7,8) of supported nickel catalysts in a 
Complicated manner. In fact, an understanding of the interaction between CO and 
nickel is the primary hurdle to overcome in order to perform magnetic thermometry 
during methanat ion. 

size, have an affect on the net magnetization of a nickel catalyst in a fixed field. 
Therefore, these must be considered in order to perform accurate crystallite 
thermometry. There have been numerous studies concerned with the nature and role Of 
surface carbon species (carbon and carbides) that form during methanation (4,7-18). 
The formation of nickel carbonyls, which leads to catalyst deactivation through 
metal loss and crystallite size changes, has also been studied (19.20). 

an initial rapid weight gain for the first few minutes after initiating methanation, 
followed by a more gradual uptake. They concluded that three forms of surface 
Species are present during methanation: (1) easily desorbed species such as CO. CH,, 
H,, etc, (2 )  species reactive with H,, such as atomic carbon and (3) unreactive 
species. Their results also suggest that the species adsorbed after the initial 
rapid weight gain corresponds to a nonreactive surface species, such as a polymeric 
carbon. In addition, the weight gain during the initial stages of rapid adsorption 
decreased with increasing temperature. McCarty and Wise (21), using temperature- 
programmed surface reaction (TPSR) studies, also reported the formation of two 
carbon species, a and 8 .  These correspond to cases 2 and 3 above, respectively. 

magnetization methods by Martin et. al. (13), and Mirodotas, et.al. (17), and by low 
field magnetization techniques by Kuijpers, et.al. (18). Martin et. al. (13). 
working with samples containing only small amounts of carbon, concluded that the 
carbon was interstitially dissolved in the nickel lattice. Mirodotas, et. al. (17) 
and Kuijpers. et. al. (le), using much higher coverages, concluded that there is 
bulk carbon dissolution and nickel carbidization during CO disproportionation, 
whereas mainly surface carbidization dominates during methanation. Kuijpers, et. 
al. (18) also performed .static volumetric adsorption analyses between each magnetic 
measurement. They noted an initial rapid adsorption, followed by a more gradual and 
linear drop of pressure in their adsorption manifold. The similarity of this result 
to the observations of Gardner and Bartholomew (15) during methanation is 
noteworthy. They also noted that the sample magnetization drops to very low levels 
(up to 90% loss of magnetization) due to bulk carbide formation during 
disproportionation, whereas the adsorption of hydrogen onto the same samples reduces 
the relative magnetization by 26% at most. 

Since crystallite growth and metal loss would interfere with the magnetic 
thermometry, it is important to operate in a region where these are minimized. 
Shen, Dumesic and Hill (19) established a criteria for "safe" operating conditions 
for methanation over nickel catalysts, where the catalyst no longer deactivated 
rapidly due to metal loss or particle growth. The criteria is to maintain the 
equilibrium nickel tetracarbonyl pressure at less than ca. 7.5 x lo-' Torr. For 
this work, all experiments were performed in the "safe" operating region. However, 
because the AC permeameter design currently used can only operate up to a 
temperature ca. 510 K. conditions were near the "unsafe" operating region. Thus 
some changes in nickel crystallite size is to be expected. In addition, van Meerten 
et. al. (20) found nickel crystallite growth during methanation, even though the 
catalyst was not deactivating dramatically. This indicates a crystallite size 
dependence on methanation activity. If microscopic crystallite to Support 
temperature gradients exist, then the more active crystallites will be hotter than 
the less active crystallites. This would further complicate the interpretation of 
the thermometric results. Conversely, if  these gradients do not exist, then a 
crystallite size effect on activity has little impact on the magnetic thermometry. 
In that case, the measured temperature is the local temperature of the support and 
crystallites of all sizes. 

Adsorption and formation of surface species, as well as changes in Crystallite 

Using gravimetric analyses, Gardner and Bartholomew (15) found that there was 

The interaction of CO with N i / S i O ,  catalysts has been studied using saturation 
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EXPERIMENTAL 

A one h a l f  gram sample of a 25% n i c k e l  on s i l i c a  c a t a l y s t ,  w i th  a n  average 
equ iva len t  s p h e r i c a l  diameter o f  0.018 cm, was packed i n t o  a q u a r t z  r e a c t o r  (22.23) 
t o  a bed length of 0.6 cm. 
used i n  previous c r y s t a l l i t e  thermometry experiments  ( 1 , Z ) .  The c a t a l y s t  sample was 
reduced in f lowing hydrogen a t  673 K f o r  5 h r s  and "cleaned" (23) in f lowing helium 
a t  723 K for 1 / 2  h r .  Before beginning thermometric experiments ,  t h e  c a t a l y s t  was 
"aged" under r e a c t i o n  c o n d i t i o n s  u n t i l  t h e  magnet izat ion no longer  changed much. TO 
perform t h e  thermometry, t h e  c a t a l y s t  sample is i n i t i a l l y  brought  t o  e q u i l i b r i u m  
w i t h  a flowing s t r eam of hydrogen and helium. 
is then t h a t  of the  bulk stream. React ion is i n i t i a t e d  by in t roduc ing  carbon 
monoxide a t  e s s e n t i a l l y  c o n s t a n t  t o t a l  p re s su re .  

t h e  n icke l  c a t a l y s t  sample upon i n i t i a t i o n  of r e a c t i o n .  The ou tpu t  vo l t age  of the  
permeameter is r e l a t e d  t o  ave rage  c a t a l y s t  bed temperature  v i a  a c a l i b r a t i o n .  
Cor rec t ions  f o r  t h e  change i n  sample moment due t o  a d s o r p t i o n  and s u r f a c e  s p e c i e s  
formation a r e  t aken  i n t o  account  a s  desc r ibed  elsewhere i n  t h i s  paper. React ion 
products  a r e  analyzed us ing  a Carle Ana ly t i ca l  g a s  chromatograph t o  determine t h e  
e x t e n t  of r e a c t i o n .  D e t a i l s  of t h e  equipment a r e  p re sen ted  elsewhere ( 1 , 2 , 2 2 ) .  
Modif icat ions o f  t h e  g a s  hand l ing  system which was used f o r  e thane  hydrogenolysis  
'Iere required in orde r  t o  perform CO methanation. Ultra h igh  p u r i t y  hydrogen 
(99.9995, Alphagaz) p a s s e s  through a palladium Deoxo p u r i f i e r  (Enge lha rd ) ,  a Linde 
g a s  p u r i f i e r  column (Model 120: i n d i c a t i n g  s i l i c a  g e l  and molecular  s i e v e ) ,  and a 7 
micron f i l t e r  (Nupro) b e f o r e  pas s ing  through a Linde mass flowmeter (Model FM 4570). 
The hydrogen is then mixed wi th  u l t r a  h igh  p u r i t y  helium (99.999%. Alphagaz) which 
h a s  s i m i l a r l y  passed through a Linde gas  p u r i f i e r  column, 7 micron f i l t e r ,  and mass 
flowmeter. In order t o  remove remaining components t h a t  r e a c t  w i t h  n i c k e l ,  t h e  
hydrogen/helium mixture  pas ses  through a Ni/SIO, "guard1' r e a c t o r  a t  600 K ,  a s  well 
a s  another  s i l ica  g e l  t r a p .  The g a s  mixture  then f lows t o  a manifold were carbon 
monoxide can be added t o  t h e  mixture  be fo re  e n t e r i n g  t h e  r e a c t o r .  The carbon 
monoxide (99.3%. Air Produc t s )  p a s s e s  through a 7 micron f i l t e r  and mass flowmeter 
b e f o r e  passing through a ca rbony l  t r a p ,  which c o n s i s t s  o f  a column of copper 
t u r n i n g s  (19,201 heated t o  500 K. The carbon monoxide is f u r t h e r  p u r i f i e d  by 
pass ing  through an Oxy-Trap ( A l l t e c h  Assoc ia t e s ,  Inc. ,  Model 4002) heated a t  400 K 
and an  Al l t ech  g a s  p u r i f i e r  column (Model 8125: i n d i c a t i n g  s i l i c a  g e l  and molecular 
SeiVe). The carbon monoxide t h e n  passes  through a needle  va lve .  A b a l l  valve is 
used t o  in t roduce  t h e  ca rbon  monoxide i n t o  the  hydrogen/helium s t r eam j u s t  be fo re  
t h e  sample r e a c t o r .  

The c a t a l y s t  was from the same ba tch  a s  the c a t a l y s t s  

The average c r y s t a l l i t e  temperature  

An AC permeameter (3 ,221 is used t o  fol low t h e  changes in magnetic moment o f  

RESULTS AND DISCUSSION 

An example of t h e  r a p i d  d e c r e a s e  i n  AC permeameter vo l t age  which occur s  upon 
in t roduc ing  carbon monoxide i n t o  t h e  f lowing s t ream of hydrogen and helium is shown 
i n  Figure 1 .  
C r y s t a l l i t e  temperature  rise as well  a s  t o  the  adso rp t ion  o f  carbon monoxide. 
t h i s  rapid dec rease ,  t h e  sample s i g n a l  remains r e l a t i v e l y  c o n s t a n t .  
r e a c t i o n  is terminated by s topp ing  t h e  carbon monoxide flow, there is a r a p i d  
i n c r e a s e  in sample moment fol lowed by a more g radua l  i n c r e a s e  i n  moment which l e v e l s  
O f f  w i t h i n  5 t o  10 minutes .  T h i s  is a l s o  Shown in Figure 1 .  

AS w i t h  e t h a n e  hydrogeno lys i s ,  the  temperature  and adso rp t ion  c a l i b r a t i o n s  were 
performed a f t e r  an i n i t i a l  ag ing  per iod ,  in orde r  t o  minimize any pos t  c a l i b r a t i o n  
changes. 
was Performed w i t h  t h e  H,/CO r a t i o  kept  a t  7 .  F igu re  2 shows t h e  dec rease  i n  
conversion r e l a t i v e  t o  that  of t h e  f r e s h  c a t a l y s t .  
hydrogen f o r  a pe r iod  of 16  hours  between samples 10 and 1 1 ,  and f o r  a pe r iod  o f  17 
hours  between samples 26 and 27. 
i n  run  1 1 ;  however, t h e r e  is no corresponding i n c r e a s e  between samples 26 and 27. 
Nevertheless ,  the a c t i v i t y  of t h e  c a t a l y s t  seems t o  l e v e l  off and remain 
comparat ively c o n s t a n t .  

T h i s  co r re sponds  t o  t h e  dec rease  i n  sample moment due t h e  average 
Af te r  

When t h e  

I n  o r d e r  t o  monitor c a t a l y s t  a g i n g ,  a s e r i e s  of methanation experiments  

The c a t a l y s t  was l e f t  i n  flowing 

Th i s  is taken t o  account  f o r  t h e  h ighe r  conversion 
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The temperature c a l i b r a t i o n  is performed by p e r t u r b i n g  t h e  average  bed 
temperature by temporar i ly  removing t h e  c a t a l y s t  bed from t h e  AC permeameter/oven 
whi le  flowing hydrogen and helium over t h e  c a t a l y s t .  A f t e r  a l lowing  t h e  Sample t o  
c o o l  5 t o  10 K ,  a s  measured by a thermocouple a t  t h e  bed e x i t .  t h e  c a t a l y s t  Sample 
is re turned  t o  t h e  optimal sens ing  l o c a t i o n  w i t h i n  one of  t h e  secondary c o i l s .  The 
AC permeameter s i g n a l  and e x i t  f l u i d  tempera tures  a r e  then  monitored as t h e  c a t a l y s t  
bed hea ts .  This  is repea ted  s e v e r a l  t imes.  The s e n s i t i v i t y  (mV/K), determined 
Using l e a s t  squares  r e g r e s s i o n  is assumed c o n s t a n t  over t h e  small tempera ture  range 
considered. A s  mentioned, t h i s  c a l i b r a t i o n  w i l l  be a f f e c t e d  by changes i n  
c r y s t a l l i t e  s i z e  and by t h e  formation of  "permanent" nonmagnetic n i c k e l  compounds. 
Thus, i t  is important t h a t  t h e s e  do  n o t  change s i g n i f i c a n t l y  between a c a l i b r a t i o n  
and t h e  corresponding thermometry experiments.  

magnetization due t o  changes i n  CO uptake t a k e s  advantage of t h e  s i m i l a r i t y  between 
t h e  uptake r e s u l t s  repor ted  dur ing  methanation (15)  and d i s p r o p o r t i o n a t i o n  ( 1 7 , 1 8 ) ,  
d i scussed  previous ly .  The formation of bulk c a r b i d e  d u r i n g  t h e  CO 
d i s p r o p o r t i o n a t i o n  c a l i b r a t i o n  would r e s u l t  i n  l a r g e  magnetization d e c r e a s e s  and 
i n v a l i d a t e  t h e  procedure; t h e r e f o r e ,  t h e  p o s s i b i l i t y  of  i ts  formation Was 
i n v e s t i g a t e d .  Previous s t u d i e s  (17 ,18)  found t h e  formation of bulk c a r b i d e  dur ing  
CO d ispropor t iona t ion .  However, Mirodatos e t .  a l .  (17)  using both  s t a t i c  and flow 
experiments,  only found bulk c a r b i d i z a t i o n  a t  t imes  g r e a t e r  than  30 minutes f o r  
t h e i r  f low c o n d i t i o n s .  For experiments i n  t h i s  l a b o r a t o r y ,  when carbon monoxide is 
introduced i n t o  a helium stream flowing through t h e  c a t a l y s t  bed,  t h e r e  is a r a p i d  
decrease  i n  sample moment, followed by a more gradual  decrease  i n  moment, as shown 
i n  F igure  3 .  When d i s p r o p o r t i o n a t i o n  is allowed t o  run  f o r  longer  p e r i o d s  of t ime,  
t h e  moment decrease  approaches a l i m i t i n g  va lue  a f t e r  10 t o  15 minutes wi th  a f i n a l  
moment loss of  only  6 t o  8% of t h e  t o t a l  sample moment. 
moment l o s s  i n d i c a t e s  t h a t  no s i g n i f i c a n t  amount of bulk c a r b i d i z a t i o n  h a s  occurred. 
When t h e  r e a c t i o n  is t e rmina ted ,  l e a v i n g  only  helium flowing through t h e  c a t a l y s t  
bed, t h e r e  is a gradual  i n c r e a s e  i n  moment which r e a c h e s  a l i m i t i n g  v a l u e  a f t e r  15 
t o  20 minutes with a recovery of  g r e a t e r  than  90% of t h e  l o s t  moment. 

I f  hydrogen flow is i n i t i a t e d  through a c a t a l y s t  t h a t  has  prev ious ly  been 
exposed t o  CO d i s p r o p o r t i o n a t i o n ,  t h e r e  is a r a p i d  i n c r e a s e  i n  sample moment, 
i n d i c a t i n g  t h e  removal of a hydrogen r e a c t i v e  s u r f a c e  s p e c i e s .  T h i s  is i n  agreement 
with t h e  r e s u l t s  of o t h e r  l a b o r a t o r i e s  (15.17).  There is no d i s c e r n i b l e  change i n  
t h e  sample moment when t h e  hydrogen f l o w  i s  te rmina ted ,  l eav ing  only  helium flowing. 
With repea ted  c y c l e s  of 10 minutes of a H,/He mixture followed by 20 minutes of pure 
He flow through t h e  c a t a l y s t  bed, t h e r e  is a r a p i d  i n c r e a s e  i n  sample moment a f t e r  
each hydrogen in t roduct ion .  However, t h e  magnitude of  t h e  moment i n c r e a s e  d e c l i n e s  
somewhat with each s u c e s s i v e  i n i t i a t i o n  of hydrogen f low.  Analys is  of  t h e  e f f l u e n t  
shows t h a t  methane is evolved a f t e r  each hydrogen in t roduct ion .  S i m i l a r  r e s u l t s  a r e  
a l s o  obtained f o r  t h e  c a t a l y s t  a f t e r  methanation with a n  H,/CO r a t io  of a t  l e a s t  
seven. There is no marked d i f f e r e n c e  i n  t h e  response of  t h e  sample moment t o  t h e  
i n i t i a t i o n  of hydrogen flow a f t e r  e i t h e r  t h e  methanation or d i s p r o p o r t i o n a t i o n  
experiments. These r e s u l t s  i n d i c a t e  t h e  formation of carbon s p e c i e s ,  d u r i n g  both  
methanation and d i s p r o p o r t i o n a t i o n ,  a l l  forms o f  which a r e  not  a v a i l a b l e  for  
r e a c t i o n  with hydrogen, b u t  wi th  which they  become a v a i l a b l e  f o r  r e a c t i o n .  T h i s  
corresponds t o  t h e  i n t e r s t i t i a l l y  d i s s o l v e d  carbon r e p o r t e d  by o t h e r  r e s e a r c h e r s  
(13 ,17 ,18) ,  where t h e  s u r f a c e  carbon is removed by t h e  hydrogen, and is r e p l a c e d  by 
t h e  migration of  t h e  i n t e r s t i t i a l l y  d i s s o l v e d  carbon. 

The use of CO d i s p r o p o r t i o n a t i o n  f o r  a c a l i b r a t i o n  t o  account  for carbon 
monoxide adsorp t ion  e f f e c t s  is s u b s t a n t i a t e d  by t h e s e  r e s u l t s  because: ( 1 )  they 
i n d i c a t e  no s i g n i f i c a n t  formation of bu lk  c a r b i d e ,  a t  l e a s t  no t  i n  t h e  s h o r t  t ime 
requi red  f o r  t h e  c a l i b r a t i o n s .  and ( 2 )  they  i n d i c a t e  t h a t  t h e r e  is no s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  carbon formed d u r i n g  both methanation and d i s p r o p o r t i o n a t i o n .  The 
r e s u l t s  do not  prec lude  t h e  p o s s i b i l i t y  of  t h e  formation of t h e  f i lamentous  carbon 
s p e c i e s  repor ted  by o t h e r  r e s e a r c h e r s  (24-26) dur ing  t h e  CO d i s p r o p o r t i o n a t i o n  
c a l i b r a t i o n .  Such f i lamentous  carbon s p e c i e s  can  d e a c t i v a t e  t h e  c a t a l y s t ,  but  have 
no e f f e c t  on t h e  sample moment ( 1 8 ) .  

The c a l i b r a t i o n  procedure used i n  t h i s  s tudy  t o  account f o r  changes i n  

This  r e l a t i v e l y  smal l  
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Baseline d r i f t  is usua l  when us ing  an AC permeameter. Therefore  f o r  
thermometry, w e  r e l y  on t h e  r a p i d  change i n  sample moment which occurs  wi th in  t h e  
f irst  1 / 2  t o  1 minute af ter  i n t r o d u c i n g  carbon monoxide i n t o  t h e  hydrogen and helium 
stream. A s  mentioned, t h e r e  is a l s o  a r a p i d  d e c r e a s e  i n  sample moment when carbon 
monoxide is in t roduced  i n t o  a helium stream ( s e e  F igure  3 ) .  The magnitude of t h e  
r a p i d  decrease  depends upon t h e  carbon monoxide p a r t i a l  p r e s s u r e ,  and is 
reproducib le .  This i s  i n  apparent  agreement wi th  t h e  results of Gardner and 
Bartholomew (15) and Kui jpers  et .al .  ( 1 8 ) .  For c a l i b r a t i o n  purposes ,  t h i s  magnitude 
is assumed t o  cor respond t o  t h e  a d s o r p t i o n  of carbon monoxide which occurs  upon t h e  
i n i t i a t i o n  of methanation. The c a l i b r a t i o n  is performed by in t roducing  carbon 
monoxide a t  v a r i o u s  p a r t i a l  p r e s s u r e s  i n t o  helium. The carbon monoxide is allowed 
to  flow only long  enough t o  record  t h e  i n i t i a l  r a p i d  decrease  i n  sample moment (2  t o  
3 minutes ) .  
regress ion:  

A s  i n d i c a t e d ,  wi th  t h e  t e r m i n a t i o n  of metganation t h e r e  is a r a p i d  i n c r e a s e  i n  
moment wi th in  t h e  f i r s t  minute a f t e r  t h e  carbon monoxide flow is s topped ,  which i s  
followed by a more g r a d u a l  i n c r e a s e .  However, when t h e  carbon monoxide flow is 
stopped during CO d i s p r o p o r t i o n a t i o n  t h e r e  is only  a gradual  i n c r e a s e  i n  sample 
moment, as  shown i n  F i g u r e  3. In t h e  absence of a r a p i d  moment change, a time of 60 
seconds  was a r b i t a r i l y  chosen t o  r e p r e s e n t  t h e  s i g n a l  i n c r e a s e  corresponding t o  
desorp t ion  upon r e a c t i o n  te rmina t ion .  Again, t h e  change is reproducib le ,  and 
dependent upon t h e  carbon monoxide pa t7 t ia l  p r e s s u r e  p r e s e n t  before  r e a c t i o n  
te rmina t ion .  The r e s u l t s  with t h i s  c h o i c e  of t ime s c a l e  is represented  by t h e  
e q u a t i o n  

obta ined  using l e a s t  s q u a r e s  r e g r e s s i o n .  
The i n t r o d u c t i o n  of carbon monoxide i n  o r d e r  t o  i n i t i a t e  methanation s l i g h t l y  

d e c r e a s e s  t h e  hydrogen p a r t i a l  p r e s s u r e ,  which e f f e c t s  t h e  sample moment. A 
c a l i b r a t i o n  for t h e  moment change due t o  hydrogen p a r t i a l  p r e s s u r e  changes is 
performed by s l i g h t l y  changing t h e  hydrogen p a r t i a l  p r e s s u r e  dur ing  r e a c t i o n .  
Hydrogen partial p r e s s u r e  a f f e c t s  t h e  r e a c t i o n  rate,  however f o r  t h e  small changes 
t h a t  are requi red  for t h e  c a l i b r a t i o n ,  t h e  e x t e n t  of convers ion  changes a t  most only 
2 t o  5%. 
p r e s s u r e .  J u s t  t h e  o p p o s i t e  was observed i f  t h e  hydrogen p a r t i a l  p r e s s u r e  was 
changed during e thane  hydrogenolys is  ( 2 ) .  Thus, i t  seems t h a t  t h e  decrease  i n  
hydrogen par t ia l  p r e s s u r e  l e a d s  t o  a n  i n c r e a s e  i n  t h e  c r y s t a l l i t e  s u r f a c e  coverage 
by carbon, i n s t e a d  of a d e c r e a s e  i n  s u r f a c e  coverage by hydrogen. The moment change 
is reproducib le  and dependent upon t h e  change i n  hydrogen p a r t i a l  p ressure .  There 
is no S i g n i f i c a n t  d i f f e r e n c e  i n  t h e  magnitude of t h e  moment decrease  wi th  decreas ing  
p a r t i a l  p ressure  and t h e  moment i n c r e a s e  wi th  a n  e q u i v a l e n t  increase  i n  hydrogen 
Partial  pressure .  The r e s u l t s  a r e  c o r r e l a t e d  u s i n g  l ea s t  squares  r e g r e s s i o n  and f i t  
to t h e  equat ion  

I t  is important t o  n o t e  t h a t  t h i s  e f f e c t  iszone to  two o r d e r s  of magnitude l e s s  than 
t h a t  for changes i n  carbon monoxide p a r t i a l  p r e s s u r e ,  and seldom has  s i g n i f i c a n c e  i n  
t h e  thermometry exper iments  s i n c e  t h e  hydrogen p a r t i a l  p r e s s u r e  changes only  
s l i g h t l y .  

is determined by f i r s t  measuring t h e  magnitude of t h e  s i g n a l  change upon t h e  
i n i t i a t i o n  of r e a c t i o n .  
decrease  i n  hydrogen p a r t i a l  p r e s s u r e  are then s u b t r a c t e d .  
d iv ided  by t h e  tempera ture  s e n s i t i v i t y  (mV/K) t o  de termine  t h e  temperature rise. 

of t h i s  study wi th  t h e  t h o s e  f o r  e thane  hydrogenolysis.  
miCrOSCOpiC c r y s t a l l i t e  to  suppor t  g r a d i e n t s  e x i s t ,  i t  is p o s s i b l e  t o  de termine  t h e  
in te rphase  Nusse l t  number u s i n g  t h e  descr ibed  thermometry (1 ,2 ,27 ,28) .  The average 
c r y s t a l l i t e  temperature r i s e  determined from c r y s t a l l i t e  thermometry is used t o  
c a l c u l a t e  t h e  average  s o l i d  temperature.  This  in format ion ,  a long  wi th  t h e  average  
bulk f l u i d  tempera ture  rise, and  t h e  convers ion  ( h e a t  r e l e a s e )  a l l o w s  t h e  d i r e c t  

The r e s u l t s  were f i t  t o  t h e  fo l lowing  equat ion  us ing  least  squares  

1 )  
0.662 ASignal(mV) = 0.00462*(P O(Torr))  . 

2 )  
1.05 ASignal( mV) = 0.00071 * ( PCO(Torr) ) 

A small d e c r e a s e  i n  s i g n a l  r e s u l t s  from a decrease  i n  hydrogen p a r t i a l  

3) 
ASignal(mV) = 0.00003(APH (Torr)) 1.27 . 

The average c r y s t a l l i t e  tempera ture  rise due  t o  t h e  i n i t i a t i o n  of methanation 

S i g n a l  changes due t h e  i n c r e a s e  i n  CO p a r t i a l  p r e s s u r e  and 
The r e s u l t  is then  

The v a l i d i t y  of t h e  c a l i b r a t i o n  technique  was t e s t e d  by camparing t h e  r e s u l t s  
Assuming t h a t  no 

1 
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calculation of interphase Nusselt number within the differential reactor assumption. 
The flow conditions (0.3<Re<0.6) were not varied enough in this study to determine 
the functional dependence of the interphase Nusselt number (Nu) on Reynolds number 
(Re). The interphase Nu was determined for runs for which the catalyst bed was 
Operated under differential conditions, taken as less than 5% conversion. The 
resulting Nu are scattered uniformly around the results from the previous study 
using ethane hydrogenolysis (2,27,28). The average Nu determined from the 
methanation data matches the previously determined relationship. If the results 
Obtained during ethane hydrogenolysis are accepted, then the calibration method used 
in this work seems valid. 
results are inconclusive, but also indicate the absence of microscopic temperature 
differences between the crystallite and support. 
Nu would be expected if these microscopic temperature differences existed. 
conclusion is correct, then any crystallite size dependence of activity does not 
interfere with the thermometry. 

The possibility of crystallite growth during the initial aging period was 
investigated. This is not critical to this work, but it is of interest. Samples 
with larger nickel crystallites exhibit a larger magnetization than those with 
smaller crystallites, at a fixed field (3). As discussed, the calibrations Were 
performed on the "aged" catalyst. Therefore, the sample moment would be larger than 
that for the fresh sample, at a given field, if crystallite growth occurred. This 
assumes that there is no Significant loss of nickel. Thus, the fresh catalyst would 
show smaller magnetization changes than the aged sample for a given temperature 
change. Therefore, if the temperature calibration performed on the aged sample is 
applied, a smaller "measured" solid temperature rise is indicated from Crystallite 
thermometry. The average solid temperature rise expected for given flow and 
conversion data can be estimated using the interphase heat transfer data from the 
ethane hydrogenolysis study (2,27,28). As discussed above, the interphase heat 
transfer results using data gathered on the aged catalyst have already been shown to 
agree with these previous results. Figure 4 shows a plot of the difference between 
the "measured" solid temperature and the "predicted" temperature during the initial 
aging period. The results show that initially, the "measured" solid temperatures 
were much smaller than that predicted. 
predicted temperatures decreased as the catalyst aged. Subsequent data reflects 
scatter. The crystallite growth inferred from these results is in agreement with 
the results of van Meerten et. al. (20). Those researchers performed crystallite 
size estimates as the catalyst aged and found crystallite growth. However, Contrary 
to the results of that laboratory, a significant loss of activity was found in this 
work. A strong size dependence of activity is not apparent. 

Due to the limited Re range covered, these preliminary 

A significantly smaller interphase 
If this 

The difference between the measured and 

CONCLUSIONS 

Nickel crystallite thermometry has been performed during CO methanation. The 

The calibration scheme 
analysis and calibrations are more complicated than for ethane hydrogenolysis, 
because of the more complicated magnetochemistry involved. 
used to account for CO adsorption and the formation of surface species seems to work 
satisfactorily. The scheme used is based on results that show no significant 
formation of bulk carbide during the disproportionation calibration and no 
significant difference in the carbon species formed during methanation and 
disproportionation. I n  addition, interphase Nusselt number estimates are in good 
agreement with those obtained during ethane hydrogenolysis. However, it would be 
more satisfying to have a calibration based on methanation, rather than 
disproportiOnat1On. 

while maintaining the same CO adsorption conditions is under development. The 
approach is to decrease the reaction rate while holding the adsorption/surface 
carbon species formation effects constant. 
w i l l  decrease. Thus, it should be possible to extrapolate to zero rate in order to 
isolate the moment change due only to adsorption. Preliminary results following 

An alternate calibration scheme in which the methanation rate is decreased 

The effect due to the temperature rise 
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t h i s  l i n e  of reasoning are inconc lus ive ,  and f u r t h e r  work is necessary  t o  determine 
whether such a c a l i b r a t i o n  scheme can be developed. 
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